Genetic studies have identified rare RELN variants as risk factors for psychiatric disorders. However, additional genetic factors appear to be necessary for disease onset. Detailed genetic information and the use of patient-derived neuronal cells may thus enable to discover these disease-related additional factors. Here, we performed whole-genome sequencing of a schizophrenia patient with a rare RELN deletion and his healthy mother, and examined the phenotypes of 3D-cultured neuronal cells derived from induced pluripotent stem cells of this patient. Our results revealed that, along with the RELN deletion, neuronal death was promoted in this patient; thus, neuronal death may be a vulnerable factor for schizophrenia.
Introduction
Reelin, which is encoded by the RELN gene, controls cortical layer formation during brain development (Tissir and Goffinet, 2003) . Recent genetic studies have identified rare RELN variants as vulnerable factors for psychiatric disorders (De Rubeis et al., 2014; Kushima et al., 2017; Sanchez-Sanchez et al., 2018) . However, evidence suggests that additional events, including other genetic factors, are necessary for disease onset. RELN variants are sometimes inherited from healthy parents as shown in a Japanese schizophrenia (SCZ) patient with a heterozygous RELN deletion (RELN-del) who we previously identified (Kushima et al., 2017; Sobue et al., 2018) . Therefore, the detailed genetic information of this RELN-del patient may provide useful information for discovering additional factors for SCZ.
Recently, human-induced pluripotent stem cells (iPSCs) have garnered increased attention as they are known to retain the unique genetic signature of the individual from whom they were derived, thus allowing a greater understanding of an individual's idiosyncratic phenotype (Ardhanareeswaran et al., 2017) . In addition, 3D-cultured neuronal cells derived from iPSCs have been identified as novel tools for studying the roots of psychiatric disorders (Amin and Pasca, 2018; Ilieva et al., 2018) . Although the 3D cell culture technology is still under development, it is expected to recapitulate disease-related phenotypes in the developing brain before the onset of the disease.
In this study, we focused on the previously identified RELN-del patient, of whom the RELN variant was inherited from his healthy mother (Kushima et al., 2017; Sobue et al., 2018) . We performed whole-genome sequencing (WGS) of this RELN-del patient and investigated the associated phenotypes in 3D-cultured neuronal cells derived from iPSCs. The combined use of genomic and patientderived cell analyses suggested that neuronal death is a possible vulnerable factor for SCZ.
Materials and methods

WGS analysis
Rare functional variants were identified by the WGS of the months ¼ 49 days post-induction, 3 months ¼ 91e94 days post-induction. 1.5 months of CON1: n ¼ 5, 1.5 months of others: n ¼ 4, 3 months of CON1 and CON2: n ¼ 8, 3 months of RELN-del patient. Genomic DNA was extracted from the peripheral blood of this patient and then sequenced by Complete Genomics via their standard WGS service. This sequencing was based on a nanoarray-based short-read sequencing-by-ligation technology (Drmanac et al., 2010) . Sequence reads were mapped to the reference genome (GRCh37). Ingenuity Variant Analysis bioinformatic software was used to detect the rare functional variants. Variants were kept only if they met the call confidence criteria of call quality !180, with read depth !10, and occurred outside the top 1% most exonic variable 100 base windows in healthy public genomes (1000 genomes). Of these variants, we excluded those with an allele frequency !1% of the genomes in the 1000 Genomes Project, the public Complete Genomics genomes, or the NHLBI ESP exomes. Finally, variants were only kept for the following analysis if they were functional variants with missense variants, frameshift, inframe indel, and stop-codon changes. The potential pathogenicity of missense variants was assessed by SIFT and PolyPhen-2 (Adzhubei et al., 2010; Sim et al., 2012) . Similarly, we performed WGS analysis of the patient's healthy mother.
GO analysis and functional annotation clustering (using GOTERM_BP_FAT) were performed using DAVID's functional annotation tool (https://david.ncifcrf.gov/). A "high" classification stringency was applied. Enrichment score >1.3 indicated statistical significance. The genetic analysis was approved by the Nagoya University Ethics Committee (approval number: 2010e1033). Written informed consent was obtained from the patient and his mother.
Subject and iPSC generation
The RELN-del SCZ patient was a 58-year-old Japanese male. This RELN-del was chr7:103131631-103144230 (GRCh37) (12.6 kb) and included exons 52e58 of NM_005045.3, which corresponded to amino acid residues 2759e3148 (NP005036.2) within reelin repeats 7 and 8. The patient's healthy mother was a carrier of RELNdel. More detailed information has been described in our previous study (Sobue et al., 2018) . Healthy control subjects were as follows: a 41-year-old Japanese male (CON1) and a 30-year-old Japanese female (CON2). All subjects provided written informed consent. All iPSCs were generated using peripheral blood mononuclear cells as previously described . One iPSC clone derived from each healthy control subject and two iPSC clones derived from the patient with RELN-del were used for further analysis. Generation and application of human iPSCs were approved by the Nagoya University Ethics Committee (approval number: 2012e0184).
3D-cultured neuronal cells
The 3D-cultured neuronal cells were created as previously described (Kadoshima et al., 2013) . Briefly, we formed aggregates by plating dissociated iPSCs into each well of the U-bottomed 96well plates for 18 days (day 0e18). The floating aggregates were then cultured on Petri dishes under 40% O 2 /5% CO 2 . The aggregates were then cut into half-sizes every 2 weeks around after day 50.
Histological analysis
The 3D-cultured neuronal cells were fixed with 4% paraformaldehyde, routinely processed, and embedded in paraffin. Sections were cut and stained with hematoxylin and eosin (H&E) for histological analysis. Serial sections were immunostained using the following primary antibodies: anti-CTIP2 monoclonal antibody (Clone 25B6, Abcam, UK), anti-PAX6 polyclonal antibody (MBL, Japan), anti-reelin monoclonal antibody (Clone EÀ5, Santa Cruz Biotechnology, USA), and anti-cleaved caspase-3 monoclonal antibody (Clone 5A1E, Cell Signaling Technology, USA).
Quantitative PCR (qPCR) analysis
Total RNA was extracted using the RNeasy Plus Mini Kit (QIA-GEN, Germany). Reverse transcription (RT) was performed using the High-Capacity cDNA Transcription Kit (Applied Biosystems). Gene expression analysis by qPCR was conducted using the QuantStudio5 (Applied Biosystems, USA) and the KAPA SYBR Fast qPCR Kit (KAPA BIOSYSTEMS, USA). The primers (5 0 to 3') used for RT-qPCR were as follows: RELN: Fw AAGGACAAGACTCA-CAATGCTC, Rv CCAGCATTACGGAATGAAGGTC, BAX: Fw CCCGA-GAGGTCTTTTTCCGAG, Rv CCAGCCCATGATGGTTCTGAT, BCL2: Fw GGTGGGGTCATGTGTGTGG, Rv CGGTTCAGGTACTCAGTCATCC, BCL2L1: Fw GAGCTGGTGGTTGACTTTCTC, Rv TCCATCTCCGATT-CAGTCCCT, RPS18: Fw GCGGCGGAAAATAGCCTTTG, Rv GATCACACGTTCCACCTCATC.
Statistical analysis
Two means were compared using Student's or Welch's t-tests (unpaired, two tailed). A p value < 0.05 was accepted as a significant difference. Testing for outliers was performed using the SmirnoveGrubbs outlier test.
Results and discussion
WGS analysis revealed that the RELN-del patient had functional genetic variants relevant to neuronal death
The patient had rare RELN-del inherited from his healthy mother and exhibited prominent delusions and auditory hallucinations with treatment-resistant SCZ. He had a family history of SCZ; his sister also had the same disorder. The in-depth clinical information has been described in our previous study (Sobue et al., 2018) .
To obtain further genetic information on the patient with RELNdel and his mother, we analyzed their genomes by WGS. As a result, 546 and 524 rare functional variants were identified from the patient and his mother, respectively ( Supplementary Tables 1 and 2) . Annotation clustering analysis showed that genes detected in the patient were remarkably enriched in clusters relevant to neuronal death (Enrichment score ¼ 2.60, Fig. 1a) ; conversely, such enrichment was not observed in his mother's detected genes (Fig. 1b) . Gene clusters associated with neuronal death were also differentially expressed in SCZ patient iPSC-derived neurons (Lin et al., 2016; Toyoshima et al., 2016) , suggesting that neuronal death was a key factor for SCZ in this patient. of this patient, we developed 3D-cultured neuronal cells by using this patient-derived iPSCs previously generated . For the controls, we also developed 3D-cultured neuronal cells by using two healthy control iPSCs. Representative images at days 49e51 after differentiation induction are shown in Fig. 1c . The RELN-del iPSCs could form self-organized large masses similar to healthy control iPSCs. We quantified RELN expression in the 3Dcultured neuronal cells by RT-qPCR at two time points (day 49 [ ¼ 1.5 months] and days 91e94 [ ¼ 3 months] after differentiation induction). As shown in Fig. 1d , the expression level of RELN was significantly decreased in the RELN-del patient in the third month.
Considering these results, we further analyzed such expression by using the 3D-cultured neuronal cells at 3 months after the induction.
First, we evaluated the localization of reelin in 3D-cultured neuronal cell mass. Reelin was expressed in the peripheral areas of the mass of both control-and patient-derived neuronal cells ( Supplementary Fig 1a) , indicating that this RELN-del did not have an effect on the localization of reelin. Next, we examined whether any abnormalities existed in cortical layer formation, which is the major role of reelin, in the 3D-cultured neuronal cell mass derived from iPSCs. Although distinct layers were not observed even in the control group, we obtained the 3D-cultured neuronal cell mass that were positive for relevant cortical layer markers (PAX6 and CTIP2). Compared with the control group, we detected the characteristic phenotype in RELN-del 3D-cultured neuronal cell mass, with the CTIP2-positive area sandwiched by PAX6-positive areas ( Supplementary Fig. 1b ; CON1: 1 out of 8, CON2: 0 out of 8, RELN-del_2: 4 out of 6, RELN-del_3: 4 out of 9). Although it was not easy to definitely interpret these results, they may represent a diseaserelated phenotype in this patient.
Promotion of neuronal death in iPSC-derived 3D-cultured neuronal cells from the RELN-del patient
We evaluated the biological significance of the WGS results. We divided the 3D-cultured neuronal cell mass in half, with one used for the evaluation of gene expression and the other for histological evaluation. qPCR analysis showed decreased expression levels of genes involved in anti-apoptotic reactions in the RELN-del 3Dcultured neuronal cells (Fig. 1e ). The ratio of BAX (pro-apoptotic) to BCL2 (anti-apoptotic), commonly used as an index of apoptosis (Oltvai et al., 1993; Strasser and Vaux, 2018) , denoted the promotion of apoptosis in the RELN-del 3D-cultured neuronal cells (Fig. 1f ). In agreement with this, histological analysis revealed that the RELN-del 3D-cultured neuronal cells contained significantly higher numbers of active caspase-3-positive cells than healthy control ones ( Fig. 1g and h) . These findings indicated that the patient iPSC-derived 3D-cultured neuronal cells could recapitulate the genetic signature of the patient and supports findings in the postmortem brains of patients with SCZ of decreased numbers of neurons (Jarskog, 2006; Pantazopoulos et al., 2017) . In addition to RELN-del, functional genetic variants relevant to neuronal death may be an associated factor for SCZ. Moreover, considering that the patient iPSCs could form self-organized large masses similar to those of healthy control iPSCs, the promotion of neuronal death may cause some vulnerabilities (e.g., the increased susceptibility to environmental factors) rather than severe effects on brain development. Of note, 3D-cultured cells often show largely variable effects; thus, further studies to obtain the appropriate conclusion are warranted.
In conclusion, we propose that neuronal death may be an additional vulnerable factor for SCZ. As shown in our results, the 3D cell culture technology still needs to be improved; however, the 3Dcultured neuronal cells appear to be a useful tool for examining disease-related phenotypes in conjunction with genetic information.
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